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Recovery as a Measurevof Work Rate. Major rrotessor: 7 aime 
Tnois investigation was designed to discovermwhetner sag 
not the human heart rate recovery coulda be used as a measure 
of work pace. AS 4 person does work cBrtain physlologiea 
ehanges take place within the boay. One of these cnareges 1g 
moat the neart rate increases above tne normal rate -s the 
mork is being done. The heart rate recovery is the return 
mae heart rate or ee eel back to the pore-exercise level. 
One ave:see rate of recovery should follow the eauetion; 
> ge~At ¢ DOD, where y is the heart rate end t is the tine 
merer cog letion of the task, The constants a, k, #nd Dieu 
charecteristics of the individual and of the task completed. 
The first step undertaken was the development of 4a stand- 
m@rd task in which the operator's pace could be predetermineds 
This task consisted of operating a small hand pump loccted in 
& closed system filled with hydraulic fluid. The operator's 
merce could ve arvitrarily fixed by reyulring the operetor te 
operate the handc pump at a given number of strokes per minute. 
This as followed by the accumulation of experimental 
Geta obtained by having fourteen students serve 2s operators 
meee Completed the "stancerc tas< in a series of prescriQmd 
mork peces. These paces consisted of 30, 1OM, and 1°0O chelee 


Or double pump strokes per minute anc were varticularly 
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i heart rate imme ilately 








following work. It is therefore concluded that a positive 
relationship exists vetweean these two factors. The study 
indicates that heart rate may be used to predict operator 


maee under controllsa conditions. 








INTRODUCTION 


During the past fifty years several physiological méthode 
have been found to be indicators of the amount of Jenemae 
expended in the accomplishment of physical work. Some of the 
physiological methods that might be used to measure human 
energy output and fatigue effects are discussed by 3rouhavagde 
Ballt. 

Physiological cost of muscular work can be accurately 
measured in laboratory experiments oy combining various 
methods such as oxygen consumption, lactic acid concen- 
trornena in cme blood, Increase in oOdy tempera vurme: 
amount of acceleration of the heart rate during work, 
and speed of decelerstion of the heart rate after the 
work is over. 

The results presented in this paper show thet simple 
measurements such as body temperature varirtions and 
heart rate recovery after work can be used to evaluate 
the physiological cost ofS@mmscular iabor in industry 

To the vest knowledge of the author, there has been only 
mae attempt to date in which a comparison of the subjective 
method of rating has been made with a method based on physio- 
logical measurements of energy expenditure. This was conducted 
ma 5. |. Anson®, who based his measurements On oxyren con- 
sumption. one of the conclusions reached in this investigation 
is that "--- because of the encumberance of the equipment 
necessary and of the length of time required to rake a study, 
mois techniuue is limited to laboratory investigations and is 
unsuitable for routine setting of standard times." 

Simee the heart rate or pulse immediately after work aise 


considered to de one measure of physiological work, and 


because this m-asure is a relatively easy one to obtain, it 








was decided to study this heart rate recovery after work to 
see if it might be used as an accurate measure of rate or 
work or pace in a controlled exveseriment. 

Morehouse and an ase indicate that the heart rate 
begins to accelsrate immediately after the commencement of 
exercises. This acceleration then begins to level off after 
a few seconds and is then foilowed by a more gradual rise to 
a final maximal level. After the exercise is completed the 
meart rate then begins a recovery bacx to its normal Is ved 
This period of return back towards normal is defined as heart 
rate recovery. Johnsen, Brouha, and Dar ling® have determined 


that for the first ten minutes of recovery the values of heart 


=, 
rate may be fitted with the exponential equation: y = as eh 


+ Db, where a and b are constants, t is the time after stopping 
work, and k has dimensions of a velocity constant. 

A summary of the physiological changes which take place 
in the body as work is done has been stated by 181 1 lanmee 


Body muscle exerts a force following the reception of 
electroechemical Impulses from the nervous system dy 

the many muscle filorils (of which the normally under- 
stood muscle is composed) which causes them to contract. 
The centractions are accompanied by a complicated 
chemical action in which glycogen (representing potential 
energy) stored in the fibril breaks down with the 
formation of lactic acid ani heat. 


The fibril, in order to do further work, must recovay 
from thls exhaustion of potential energy (which we know 
in its gross manifestation as fatigue) by converting 
lactic acid back to glycogen. This recovery is 
accomplished using a supply of oxygen obtained from 

the blood stream; in the conversion carbon dloxide is 
formed and carried away by the blood. The lactic acid 
conversion to glycogen is accompanied by a further 
formation of heat which {ts in excess of that formed in 
the initial breakdown. 








The blood, besides acting as a vehicla for oxygen and 
carbon dioxide between muscle ani lunes, helds to reru- 
late the muscle temperature oy convection. The carbon 
dioxiie is carried in solution by the blood to the lungs, 
where it is expired dy the breath: the olood is then 
oxygenated by the blood haemoglobin becoming oxyhaemo- 
globin, and in tnis for oxygen is carried back to the 
muscle. The oxyhaemoglobin, after giving up oxygen to 
the muscle becomes haemoglobin and returns to the lungs 
for & repetieion of the cycle. 

The greater the force exerted by the muscle the greater 
is the breakdown of glycoger, the formation of carbon 
Gioxide and the need for oxygen so that the lang venti- 
lation rate must increase which resalts in quicker and 
deé@per breathing. The limiting factor in the forces (Guam 
can be exerted by the muscle is its size and the blood 
supply to it. The blood supply is regulated primarily 
by the heart beat ------- , 

Aside from work load there are many factors tnat are 
known to increase fatigue and in effect vary heart rate 
mecovery. Brouha® mentions such factors as; témperature: 
humidity, impervicus clothing, sex, aze, state of nutrition, 
and exposure to certain chemicals. Other factors that may 
cause the heart rate recovery to vary are; physical condition, 
time of day, self-ccnscilousness, emotion, accumulated fatigue, 
and training. Most of these variables are thought to be of 
prinery interest wnen trying to consider people as a group or 
when trying to compare two different perscns. When consider- 
ing one person alone at one particular time it was felt that 
randomization of the variable (pace) would tend to minimize 
these outside effects or factors. Factors like self-conscious= 
ness, state of nutrition, emotion, and physical condition 
which cannot easily be measured were lsft to be accounted for 


as part of the experimental error. 

















PURPOS2 


The purpose of this investigation wes to investigate the 
assumotion tnat heart rate recovery covld be usei as a measure 
of work pace. If this assumption could be substantiated, two 
practical uses of the relationship between heart rate recovery 
and work pace become possible. The first of these is in Time 
Study systems that have a provision for fatigue allowance. 
Such fatigue allowance might quite properly ve based on the 
amount of physiological effort expended by the worker as 
indicated by the heart rate recovery for a given pace. 

The second possible use would be in the construction of 
a rating system based on the physiological effort or stress 
imposed on the worker in accomplishing his particular task. 

Both of these uses would require management, with the 
cooveration of the union, to estabdlish some standard task 
that would fulfill the following requirements: The operater's 
pace sheulil be capable of being measured and varisd and the 
metho2 used by the operator shoulji be such that changes in 
pace jo not require changes in methol. With this task a 
certain work rate coulji be established as normal ani a scals 
of values or Increments above and balow this could be 
established. In use, the worker's heart rate recovery could 
be determined after he head operated tis particular plece of 
equipment for a prescribed amcunt of time. After an adequate 
rest period the worker would then be requested to operats the 
Standari task under Identical working conditions at various 


known fixed rates that would most likely bracket his particular 








pace. These resulting heart rate recovery valuss when 

plotted over the recovery curve resulting from ths actual 

job should then give a physiological indication of the actual 

pace of the worker compared with the known ani accepted 

staniard pace on the standari task since both the tasks wsre 

performei at nearly the same time and under similar conditions. 
then used for fatigue allowance a normal level of fatigue 

could be decided upon. Whenever heart rate recovery curves 

were Significantly higher tnan this level, fatigue allowances 

covld be apolied. 

A third use of heart rate recovery has been recommended 
and used by Brouha?. He found that nNeart rete recovery 
measuremants and body temperature changes cen be used to 
measure the effectiveness of rest periods. Such measuremsnts 
are also useful in determining the effectiveness of improved 
work methods or Improved tools and machinery es far ag reduce 
ing the physiological costs of the various jobs. In using 
this technique the heart rate recovery curve could be 
determined for the old method at a particular pace. Using 
this same pace the heart rate recovery curve couli be 
determined for the new method. If under the new method the 
resulting recovery curve were equal to or lower than the one 
for the old method the new method would require tess physlo- 
logical effort. A further lowering of the curve or the amount 
of physiological effort required should occur as the worker 


learns the new method. 
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The apparatus used in this investigation was pirposely 
kept as simple as possible. To provide a tesk which would 
require a uniform amount of physical effort, a doudle-acting 
hand hydraulic pump was used. The type of pump usei wes one 
readily available as surplus material, an aircraft emsrcsency 
hand hydraulic pump. This pump could be operated at any 
pressure ud to 2000 pounds per square inch and had a capacity 
of 1.5 cubic inches or fluid for sach completes cycle. This 
pump was installed in a closed circuit. Both the inlet ana 
outlet sides of the pump were connected to a one cxllon 
container by 3/8 inch copper tubing. A brass plug wes placed 
in the end of the output line. A small orfice was then drilled 
Methis plug so as to allow fluii flow but still restrict gme 
flow enough to recuire a certain amount of effort to circulate 
the fluid. This hole was approximately .028 inches in diameter. 
The container waz filleu with standard aircraft hydraulic fluid 
and then sealed. 

The pump, container, and lines were than mounted on a 
plywood shest suppurted on a pipe trame. This table snould 
have preferably been one that was adjustable in height. As 
this was not available a base plate was made on which the 
operatur stouu. The construction of this was such that it 
could be varied in height as required. 

The remainder of the equipment consisted of a metronome, 

a decimal-minute stop watch, and an electric clock calibrated 


in hundredths cof & second wath a solenoid start-stop circult. 

















Figure 1. Equipment Layout 
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Figure 2. Equipment Layout 
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Figure 3. Operator Position 
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PROCEDURIs 


As each operator entered the room in which the apparatus 
was located he was asked to step over to the equipment and 
was given the following instructions: 


If you will please step over here I will give you a brief 
description of the test apparatus that you will operate. 
Here is a double action hydraulic hand pump whose inlst 
side is connected to ths dsottom of this container. The 
outlet side of the pump leads to the top of the ccntainer. 
At the end of this line there has been placed a plug with 
an orfice drilled in it. This orfice is approximate ly . 
-028 inches in diameter and is thst small so that a 
reasonabla amount of force will be required to operate the 


pump. 


Now to describe what you are todo. With the aid of the 
metronome three different paces will be established. At 
each different pace you are to operate the pump in synch- 
ronization with the metronome. You will be given e ten 
minute rest period between each different pace. A fourth 
operation will consist of you setting your own pace. Each 
of these operations will be pertormed for a period of two 
minutes at the end of which time you will be told to stop 
and your heart beat will be timei for a period of approx- 
imately Four minuges. During your first rést perloagm 
will briefly explain the purpose of this experiment. 


Now, for a brief practice session. Place your fest within 
the black footprints ani place your left hand on the hai 
print there on the table. With your richt hand grasp the 
handle uf the pump. Later while you are resting the 
platform height will be adjusted so that your right fore= 
arm will be parallel with the tabls top. Now operate the 
pump handle back ani forth. Be sure in all the folluwing 
runs to push the handle all the way forward and pull it 
all the way back. Now try to keep puce with the metronome. 
Use your whole body, push with your arm, shoulter, and 
back, twist ai the waist. Ten minute rest perloi. 


Padi tional ingtruction for-soptione! cace; During thie 
run you are to operate the pump at a speed of your own 
choosing. Set the pace that youn are most comfortable at. 
This should be a pece that you would use if you hai to 
operates this pump all morning (afternoon). Don't loaf on 
the job or try to set a speed record. Just operate the 
pump at the pace that is most comfortabls to you. 


Adiitional instruction for fast pace: This mce will ge 
the fastest that you will be requested to maintain. It can 











Ve 
be cone for three minutes so don't give up if you wigamaeee 
timing occasionally. Do your best and try te keep time 
with the metronome anc he sure to use full strokes. 


This short set of instructions also served ag an tinstruc- 

















tion periloc for the operator. fYluring this period the ope yaaa 
brecticec at the last pace set on the metronome, from ahe 
previous operator. ‘4fter the two minute training period the 
operatcr was then reyuested to sit down in a comforteble 
meer SS DrOvViceaestor the ten minute rest deriods. Timeronly 
Metivity that he was permitted during this period was that 
er eecOncucting a normal conversstion. 

Between each prce it was decided to use a ten-minute 


Meet perioag. Tils time was chosen such that the ‘our Gif fem 
paces at two minutes each, plus a training period and the rest 
Me7100s, could be Gone in ore hour. This one hour perlod wag 
Most practical as the operators were all students with short 
Meriods of free time. It was further felt that the ten 
Minute rest period was of sufficient length tc allow the 
heart rate to return to some point near the normal level and 
Per any oxygen debt which may have been incurred to be suf= 
Meerently replenished. W411!’ indicates that, following 

meme cessetion of exhausting exerciss, the recovery of oxyrom 
meeao per cent complete dm 5 minutes, 64 per cent complete ag 
10 minutes, and 20 per cent complete in 20 minutes. This task 


Wi 


3) 


not considered exhausting and was performed »t paces that 

ere close to the optimal speed *t which the oxygen recul remem 
" ! 

13 minimal. Morehouse and “iller~ point out that tre vorker 


usually automatically adopts the optimal pece of working end 











14 
that as the paca incrsases or decreases the mechanical 
efficiency is diminished and the oxygen requirement increased. 
One of the purposes of the optional pace was an attemnt to 


establish the operator's optimum pace. Johnson, Brouha, and 






















Darling? present data for heart rate recovery after exhausting 
exercise and indicate that after exhausting exercise the heart 
rats recovery curve dezins to become asymptotic batween 5 and 
10 minutes after stopping work. 

The platform upon which the operator stood was aijustad 
in height so that his forearm would be approximately horizontal 
when the pump handle was in the vertical position. Figure 3 
indicates the proper body and forearm position. 

By requiring the operator to complete s certain number of 
stroxes in a fixed interval of time the operator's pace could 
be prescribed and varied as needed. This was done boy having 
the operator keep time with a metronome. It was decidei, 
because of time limitations, to use three different paces at 
twenty per cent increments. These three paces, vesides being 
at twenty per cent increments of pace, should also theoreti- 
cally be in twenty per cent increments of useful work output. 
The vseful work would be in the amount of fluid transferred 
if the system were not a closed loop. It was also hoped thet 
the difference in the amount of energy exnenieli between pacag 
involved would be in twenty per cent increments. This was 
not measured but is assumed to be as close as can be attained 
with most types of devices where an increase in pace involves 


an increase in the accelerations and velocities of the moving 











parts. 
The different paces that the operator hed to maintain 
were numbered as follows: (1) 190 cycles par minute, (2) 


1029 cyclss par minute, (3) 80 cycles per minute, and (4) an 










optional pacs. The order in which these iilfferent paces 
were performed was selacted at random through the use of a 
table of random numbers®, This was done in an attempt to 
minimize the effects of cumulative fatigue and treining 
exoerience in the data. 

The method of timing empioyed was to start the stop 
watch when the operator started operating the pump; at the 
ena of two minutes the operator was told to stop and face 
the observer. At exactly ten one-hundredths of a minute 
after cessation of work, the electric clock was started and 
the time for the operator's heart to beat 30 times was 
recorded in hundredths of seconds using a stathoscope to 
meck uo the heart beat. 

It was fcund that slishtly less than ten one-hnuniredths 
of a minuts was necessary to locate the stethoscope on the 
meest for the best reception of the neart beat anid to get 
Ene Operator in proper position. The successive timings of 
1, 2, and 3 minutes after cessation of work were measured 
from this ten one-hundredths of a minute point. It is to be 
noted that no appreciable error is introduced by not timing 


immediate ly upon completion of the work perlod. "---heart 


heue falls very little during the first tén seconds after 
work, and for the next ten seconds only about six per conte" 


During the rest period between the second and third vaces, 
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RESULTS AND CONCLUSZORS 


Fourteen operators were requested to onsiate the staniard 


task at three given paces and at ona pace of thelr own choosing. 















Table I is a compllation of the personal data concerning these 
operators. Table II 18 a summary of the resultant heart rates 
for these operators at the four paces. The numbers O through 
o are the number of minutes after completion of the taexs at 
Which the heart rate was measureli. Face 1 is at 120 cycles 
Mee minute, pace 2 is 100 cyclss per minute, pace 3 is s0 
cycles ver minute, and pace 4 is the optional pacs. The last 
column in this taodle is an approximation of the optional paca. 
The approximation was obtained by counting the numder of pump 
strokes mads by the operator for a perio: of one-half minute, 
from one to one and one-half minutes after the pece was 
started. 

The means of each of the heart ratss for each pace and 
time were calculated and are presentei in Table III. A plot 
Meecenis date is presented in Figure 4. There hes been no 
attemot to determine the mean valve of the heart rate for the 
Memmonal pace, as each operator cnoss a different pace. It 
@em 0S Seen from this Fieure that the data for the 80 cyclés= 
per-minute pace does not follow a smooth curve. It is the 
belief of the writer that this psce may ove close to the 
minimom Sea en this Goerticviard@yeb, at which heart rave 
ana pace are related. At this minimum oace other factors 


such as emotion and salf-consciousness may over-snaiow the 


meroct Of pace on heart rate. This is especially true as 








18 
the time after the completion of the task increases and the 
heart rate is very near its normal level. 


Brouha ond Heath!° state thet, "The influence of common 




















emotional factors on the heart rate is often undcerestimated=oum 
pemieider ana Karyovichtt also statesthat | if son ene 
meetexercise pulse rate is used, the exercise should 
Mecenmuious enough fo obliterate thm® possible effects of 
emotional factors.” 

Pigumes 5 through 18 are the curvem obtained for tie 
Mert rate recovery for each of the fourteen operators, "aie 
numbere on these curves indicste the pace at which each of 
the curves was obtained. 

It is interesting to note in Figure 5, anc in others, them 
mmeecnenge in heart rate at zero time when the pece is 
macreased from 80 to 100 cycles per minute is not equal toga 
Guage in heart rate for the change from 100 to 120 cycles peg 
Tau e . 

elgure io incicates an Opposite type of inequality im 
Mmoeo the incresse from 1JV0 t9 1°00 cycles per rinute resultam 
a greater increase in physiological stress than results from 
mee 270 per cént increase in p«ece from 80 to 100 cycles per 
heute . 

It should ve noted at this time that ‘nson© found oh 
means of studies of oxygen consumption that when his values 
ootained for different work rates were compared with the 
average of a number of ratings assigned by tire study men tag 
these work rates that a linear reletionship between the two 


Oa not exist. 
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TASLE I 


Summary of Operator Data 
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To determine if the difference vetween the means of the 
values of heart rate for the cnange from . to 100 cyclegaae 


mManute were ateniticantly different from. the dite) ee 



















means of the heart rates for the cnange from 100 +o 170 cycles 
per minute at zero time a test to determine the significance on 
the difference vetween the means of small samples was mace. 
iis test indic ted that there was no significant differenges 
an analysis of variance for a one-way classification of 
mera was run to test the hypothesis that the means of the 
Mert rates taken at zero tire are not significantly differenm 
for ecchn of the tnree given paces. The criterion "7" valne 
at a 5% level of significance was 4.24. The test ratio was 
found to hve a value of 15.93, indicating a highly sigenifi- 
Mmmmrerei fect of pice upon heart rate. 4pypendix « contains 
mee calculations used in this analysis and the analysis of 
ference table. 

Table IV contains the correlations found between psce 
mig heart rate at the cessation of work (zero time) and at 
Seeeeminute after som.letion of the task. The computation 
eee correlation factors’ was cone using the method of 
Nsomputation of r airectly from raw data” described by 
Titfinl<, Apyendix 83 contains the calculations for these 
@erreiations, which varied from .¢%S9 to .339 for the fourteem 
Sper tors immediately after work. ne minute after the tae 
Was completed tnese correlations varied from .99S to .363. 
ns the time tncreased after work completion the correlations 
meoame of less value in some cases. “These have not been 


memputed out indic-tions ame clearly present in Figures 5 











TABLE IV 


Correlations bdetween Rats and Pace at O anil Minute 


after Cessation of Work 
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26 
through 16 where the heart rate recovery curves in 3ome cases 
cross. ‘These fisures are the recovery curves for each 
operstor. It is believed thet had the work paces been hig 


such as lel), 140, and 169 cycles ver minute there would hee 





















been higher correlaticns for longer intervals of time ana 
Memoletion of the task. At these higher paces the payvaiee 
Togical stress of the task woulc cominate other factors thag 
meeoect heart rate recovery. 

EG ts felt that Figure 10 illustrates the assumrpt{conmiaaee 
Meart rete recovery is related to pace toa better extent thax 
Figure 135 which has reccvery curves that intersect themselves. 

1t might be inferred that a twenty per cent increment Gg 
pace {is yuite large and -that pace might not hive had such a 
heen correlation with heart rate had the increments been 
Smaller. With the exception of Oyerators number 7 snd 10, 
the heart rates at zero tine were found to be in proper rela- 
tionship with the a,rvproxirate vace cetermined for the optional 
pace. In some cases this optional pace only differed by two 
Beoecent from one of the vrescribed paces and discrimination 
Pieri C€xisted. Examples of this two per cent increment where 
fem pace and heart rate are in proper relxtionship may be 
m@eeervec in the dats for operators 1, 8, 12, and 14. 

jre cata for the optional pace for ogerators 7 and 10 
was found not to be in apreement with the data obtained for 
Mee OUne€r operators. One factor that might explain this 
Giscrepancy is that the optional vace for these two operatong 
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possibility that tnrough insufricient training crappie 
these operators were not able to maintain the same paca 
throushout the two-minute work perioi. Lhe timed pace for 
these operators may therefore not be indicative of the 
average pace during the twoeminute work period. 

Correlations between age and heart rate were then 
Semouted for eack of the three given paces at zero time. 
mease correlations ware found to de .274, .303, and .281 for 
Meee tnres paces 120, 100, and 80 cycles per minutes respective-= 
Mee itis indicates that, for the range of ages included in 
Mees froup of operators, there is little or no relation 
between age and heart rats for any given pace. Correlations 
were also compvtesd to determine the relationship between 
temperature ani hsart rate and also between humidity and 
heart rate. These were computed only for the 89 cycles per 
feemecrs pace at zero tims, as it was felt that tnis would be 
Bee pace that would be most affected dy these factors. These 
correlations wers found to be -.574 for the temperature 
meeeoct and -.553 for humidity. 

The 5 per cent significances point for a correlation 
Merged On i4 pairs of data is .532. Thus the only siznificant 
correlations are those whoss value is grsater than .552. It 
may tnerefore be asserted that work pace at zero time and 
temperature ars the variebles that affact heart rate bassa 
On a Ssamvle of 14 operators. 

Analysis of the data optained indicates that heart rate, 


measured immediately after work, can be used to preaict 













memding, is needed and provides tne highest correlation, 
his would indicute that future work in this area should 
ther consider the measurement of heart rate immediately 


é cessation of work, or during work with instrumen- 
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The correlation factors were fond using 
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TABLE VII 


Correlation Data for Pace vs. Heart hate at "1" Time 
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TABLE VIII 


Correlation Data for Age vs. Heart Rate at "OQ" Time 


95.92 p 2,890.36 | 5,004.25 
Eola 79 3,910.10 | 5,91¢4e4 


5,286.74 | 6,380.98 





Correlation Dseta for Temperature and Humidity 


—-_ Pace 3 at or Tine 








793 eOd.Sc ees, = <86 . 74 
768 ALS, Pee We Hes ei Ril aa Ac 





19,217.72 


ca ne i, a 






we WEG) 
- , 3389 


























3ILG2 
Deney 


An investigation into human 


heart rate recovery as a measure 
of work rate. 





thesD34 
An investigation into human heart rate r 


| 


LAPT 


3 2768 001 02545 5 
DUDLEY KNOX LIBRARY 





